A BSTRACT
Background Mortality and morbidity rates are high among adults with acute bacterial meningitis, especially those with pneumococcal meningitis. In studies of bacterial meningitis in animals, adjuvant treatment with corticosteroids has beneficial effects.
Methods
We conducted a prospective, randomized, double-blind, multicenter trial of adjuvant treatment with dexamethasone, as compared with placebo, in adults with acute bacterial meningitis. Dexamethasone (10 mg) or placebo was administered 15 to 20 minutes before or with the first dose of antibiotic and was given every 6 hours for four days. The primary outcome measure was the score on the Glasgow Outcome Scale at eight weeks (a score of 5, indicating a favorable outcome, vs. a score of 1 to 4, indicating an unfavorable outcome). A subgroup analysis according to the causative organism was performed. Analyses were performed on an intention-to-treat basis.
Results A total of 301 patients were randomly assigned to a treatment group: 157 to the dexamethasone group and 144 to the placebo group. The baseline characteristics of the two groups were similar. Treatment with dexamethasone was associated with a reduction in the risk of an unfavorable outcome (relative risk, 0.59; 95 percent confidence interval, 0.37 to 0.94; P=0.03). Treatment with dexamethasone was also associated with a reduction in mortality (relative risk of death, 0.48; 95 percent confidence interval, 0.24 to 0.96; P=0.04). Among the patients with pneumococcal meningitis, there were unfavorable outcomes in 26 percent of the dexamethasone group, as compared with 52 percent of the placebo group (relative risk, 0.50; 95 percent confidence interval, 0.30 to 0.83; P=0.006). Gastrointestinal bleeding occurred in two patients in the dexamethasone group and in five patients in the placebo group.
HE mortality rate among adults with acute bacterial meningitis and the frequency of neurologic sequelae among those who survive are high, especially among patients with pneumococcal meningitis. 1, 2 Unfavorable neurologic outcomes are not the result of treatment with inappropriate antimicrobial agents, since cerebrospinal fluid cultures are sterile 24 to 48 hours after the start of antibiotic therapy. 3 Studies in animals have shown that bacterial lysis, induced by treatment with antibiotics, leads to inflammation in the subarachnoid space, which may contribute to an unfavorable outcome. 4, 5 These studies also show that adjuvant treatment with antiinflammatory agents, such as dexamethasone, reduces both cerebrospinal fluid inflammation and neurologic sequelae. 4, 5 Many controlled trials have been performed to determine whether adjuvant corticosteroid therapy is beneficial in children with acute bacterial meningitis. The results, however, do not point unequivocally to a beneficial effect. A meta-analysis of randomized controlled trials performed since 1988 showed a beneficial effect of adjunctive dexamethasone therapy in terms of severe hearing loss in children with Haemophilus influenzae type b meningitis and suggested a protective effect in those with pneumococcal meningitis if the drug was given before or with parenteral antibiotics. 6 There are few data on the use of adjunctive dexamethasone therapy in adults with bacterial meningitis. One large, prospective, randomized trial (neither placebo-controlled nor double-blind) showed a benefit of dexamethasone therapy in a subgroup of patients with pneumococcal meningitis. 7 The paucity of data precludes a recommendation that dexamethasone be ad-ministered routinely in adults with bacterial meningitis. 8, 9 We conducted a study to determine whether adjunctive dexamethasone treatment improves the outcome in such patients.
METHODS

Eligible Patients
Patients referred to one of the participating centers (listed in the Appendix) were eligible for the study if they were 17 years of age or older, had suspected meningitis in combination with cloudy cerebrospinal fluid, bacteria in cerebrospinal fluid on Gram's staining, or a cerebrospinal fluid leukocyte count of more than 1000 per cubic millimeter. Patients were excluded if they had a history of hypersensitivity to b -lactam antibiotics or corticosteroids; if they were pregnant; if they had a cerebrospinal shunt, had been treated with oral or parenteral antibiotics in the previous 48 hours, had a history of active tuberculosis or fungal infection, or had a recent history of head trauma, neurosurgery, or peptic ulcer disease; or if they were enrolled in another trial.
The study protocol was approved by the institutional review board of each participating hospital. All patients or their legally authorized representatives gave written informed consent before enrollment. Patients were enrolled between June 1993 and December 2001. The study was designed, conducted, and analyzed independently of any companies.
Treatment
Patients were randomly assigned to receive dexamethasone sodium phosphate (Oradexon), at a dose of 10 mg given every six hours intravenously for four days, or placebo that was identical in appearance to the active drug. The study medication was given 15 to 20 minutes before the parenteral administration of antibiotics. After the interim analysis, the protocol was amended to allow administration of the study medication with the antibiotics.
Balanced treatment assignments within each hospital were achieved with the use of a computer-generated list of random numbers in blocks of six. The code was not broken until the last patient to be enrolled had completed eight weeks of follow-up. Treatment assignments were concealed from all investigators, but in an emergency, investigators had access to the sealed, opaque envelopes containing the assignments; two emergencies occurred. Patients were initially treated with amoxicillin (2 g given intravenously every four hours) for 7 to 10 days, depending on the cause of the meningitis and the clinical response. This regimen was based on the available data on susceptibility to antibiotics of cerebrospinal fluid isolates in the Netherlands. 10 The initial antibiotic treatment was maintained or changed according to the results of Gram's staining of cerebrospinal fluid.
Laboratory Studies
Routine examination and cultures of blood and cerebrospinal fluid were performed before the initiation of antibiotic treatment. On day five, routine blood chemical tests were performed, including measurement of glucose and hemoglobin levels. As part of routine surveillance, the Netherlands Reference Laboratory for Bacterial Meningitis performed in vitro testing of cerebrospinal fluid isolates for susceptibility to penicillin. 11
Assessment of Outcome
The primary outcome measure was the score on the Glasgow Outcome Scale eight weeks after randomization, as assessed by the patient's physician. A score of 1 indicates death; 2, a vegetative state (the patient is unable to interact with the environment); 3, severe disability (the patient is unable to live independently but can follow commands); 4, moderate disability (the patient is capable of living independently but unable to return to work or school); and 5, mild or no disability (the patient is able to return to work or school). 12 A favorable outcome was defined as a score of 5, and an unfavorable outcome as a score of 1 to 4. The Glasgow Outcome Scale has frequently been used in trials involving stroke and other brain injuries. It is a well-validated scale with good interobserver agreement. 13, 14 Secondary outcome measures were death, focal neurologic abnormalities (defined as aphasia, cranial-nerve palsy, monoparesis, hemiparesis, and severe ataxia), hearing loss, gastrointestinal bleeding (clinically relevant bleeding with a decreased serum hemoglobin level), fungal infection, herpes zoster, and hyperglycemia (a blood glucose level higher than 144 mg per deciliter [8.0 mmol per liter]). Audiologic examination was performed in patients with clinical hearing loss. Subgroup analyses were performed for patients with prospectively defined causes of meningitis: Neisseria meningitidis, Streptococcus pneumoniae, other bacteria, and an unidentified cause (indicated by a negative cerebrospinal fluid culture).
Statistical Analysis
Calculation of the required sample size was based on the assumption that dexamethasone would reduce the proportion of patients with an unfavorable outcome from 40 to 25 percent. With a twosided test, an alpha level of 0.05, and a power of 80 percent, the analysis required 150 patients per group. The analysis of outcomes was performed on an intention-to-treat basis with the use of a lastobservation-carried-forward procedure. An additional analysis in which data for patients lost to follow-up were defined as missing was also performed. The results of these two analyses were similar.
Proportions of patients in the two groups were compared with Fisher's exact test. Two-tailed P values of less than 0.05 were considered to indicate statistical significance. Parametric and nonparametric values were tested with Student's t-test and the Mann-Whitney U test, respectively. The results are expressed as relative risks for the dexamethasone group as compared with the placebo group, with a relative risk of less than 1.0 indicating a beneficial effect. Logistic-regression analysis of base-line variables (sex; age; duration of symptoms; presence or absence of seizures, coma, and hypotension on admission; results of blood culture; cerebrospinal fluid white-cell count; and causative organism) was performed to identify risk factors for an adverse outcome other than the group assignment. Ninety-five percent confidence intervals, calculated with the use of Confidence Interval Analysis, are reported. 15 A three-member independent data-monitoring committee performed an interim analysis after 150 patients had been enrolled. The study would have been stopped if any significant differences in efficacy or safety had been found. On January 10, 1997, the datamonitoring committee recommended early termination of the trial because the enrollment rate was too slow for completion within a reasonable time. The committee subsequently reconsidered its decision and recommended that the trial be restarted if the enrollment rate could be improved. To increase the enrollment rate, two amendments of the protocol were made. First, the protocol was amended to allow administration of the study medication with the antibiotics. This decision was based on the results of a meta-analysis of trials of dexamethasone in children with acute bacterial meningitis. 6 Second, the protocol was amended to allow investigators to follow local guidelines for administering empirical antibiotic therapy. This change was made because of the participation of centers in countries where highly resistant pneumococcal strains are more common than they are in the Netherlands. 10
RESULTS
A total of 301 patients were randomly assigned to a study group: 157 to the dexamethasone group and 144 to the placebo group. Two patients (one in each group) did not meet the inclusion criteria because they were too young. Seven patients in the dexameth-asone group and nine in the placebo group each met one exclusion criterion; one patient in the dexamethasone group met two exclusion criteria. Eleven patients in each group were withdrawn from treatment early, but all 301 patients received the assigned treatment, at least initially ( Fig. 1 ). Four patients were withdrawn because they did not meet the inclusion criteria (three in the dexamethasone group and one in the placebo group), and five because of adverse events (four in the dexamethasone group and one in the placebo group). Thirteen patients were withdrawn for other reasons: four were accidentally not treated for four days (two in each group; all four received the assigned study medication the first day or the first two days), one patient in the placebo group withdrew consent, and eight had clinical deterioration and were treated with corticosteroids (two in the dexamethasone group and six in the placebo group). The reasons for corticosteroid treatment were brain herniation (in three patients), pulmonary problems (in three), disseminated intravascular coagulation (in one), and acute disseminated encephalomyelitis (in one). Cranial computed tomography (CT) showed diffuse brain swelling in the pa-tients with herniation and hypodense lesions in the patient with acute disseminated encephalomyelitis.
Eight weeks after admission, neurologic examinations were performed in 262 of 269 patients (97 percent). Seven patients were lost to follow-up, three in the dexamethasone group and four in the placebo group. At discharge, six of these seven patients had a score of 5 on the Glasgow Outcome Scale, and one had a score of 4. These last-observation scores were carried forward to eight weeks, so that all 301 patients were included in the analyses of the primary outcome and mortality.
Base-Line Characteristics of the Patients
Classic symptoms and signs of meningitis were present in a large proportion of the patients (headache in 94 percent, fever in 81 percent, and neck stiffness in 94 percent). At base line, the clinical characteristics and the results of laboratory tests were similar in the dexamethasone and placebo groups, although a higher percentage of patients in the dexamethasone group had seizures ( Table 1 ). The mean cerebrospinal fluid pressure was also similar in the two groups, as was (Table 2) ; the absolute reduction in the risk of an unfavorable outcome was 10 percent. Predictors of an unfavorable outcome were coma on admission (P=0.002), hypotension (P=0.03), and meningitis due to S. pneumoniae (P=0.02). The benefit of dexamethasone remained substantial in an analysis adjusted for other risk factors (adjusted odds ratio, 0.45; P= 0.02). Among the patients with pneumococcal meningitis, 26 percent in the dexamethasone group had an unfavorable outcome, as compared with 52 percent in the placebo group. Among the patients with meningitis due to N. meningitidis, however, adjuvant treatment with dexamethasone did not provide a significant benefit. The proportion of patients who died was significantly smaller in the dexamethasone group than in the placebo group (7 percent vs. 15 percent; relative risk, 0.48; 95 percent confidence interval, 0.24 to 0.96; P=0.04). Among the patients with pneumococcal meningitis, 14 percent of those who received dexamethasone and 34 percent of those who received pla-cebo died. Adjuvant treatment with dexamethasone did not have a significant beneficial effect on neurologic sequelae, including hearing loss. During admission, audiologic examination was performed in 28 patients, 14 of whom had severe hearing loss (60 dB or more in one or both ears). At eight weeks, 27 patients had hearing loss. The distribution of scores on the Glasgow Outcome Scale is shown in Table 3 . The lower mortality in the dexamethasone group did not result in an increased rate of severe neurologic sequelae in this group. Table 4 shows the relative risk of an unfavorable outcome according to the severity of disease (as indicated by the score on the Glasgow Coma Scale on admission). Dexamethasone appeared to be most beneficial in patients with moderate or severe disease.
Adverse Events
Adverse events resulted in the early withdrawal of four patients in the dexamethasone group and one in the placebo group (Fig. 1 ). In the dexamethasone group, two patients were withdrawn because of severe hyperglycemia, one because of suspected stom-*The analyses of unfavorable outcome and death included all patients and were performed with a last-observation-carried-forward procedure. The analyses of neurologic abnormalities and hearing loss included all surviving patients who underwent neurologic examination at eight weeks. †CI denotes confidence interval. ‡Included in this category are two patients in whom cerebrospinal fluid culture was not performed. The New Eng land Jour nal of Medicine ach perforation (which was not the case), and one because of agitation and flushing. One patient in the placebo group was withdrawn because of suspected cerebral abscess. Overall, treatment with dexamethasone did not result in an increased risk of adverse events ( Table 5 ). In one patient in the dexamethasone group, gastrointestinal bleeding was complicated by stomach perforation, which required surgery.
Clinical Course
Impairment of consciousness was significantly less likely to develop in the patients who received dexamethasone than in those who received placebo ( 
Antibiotic Treatment and Susceptibility Testing
The most frequently prescribed initial antibiotics were amoxicillin and penicillin (in 77 percent of the patients), third-generation cephalosporin (in 8 percent), and penicillin or amoxicillin combined with a cephalosporin (in 8 percent). The Reference Laboratory for Bacterial Meningitis received cerebrospinal fluid isolates from 78 of 108 patients with S. pneumoniae meningitis (72 percent); all the isolates were susceptible to penicillin (minimal inhibitory concentration, less than 0.1 µg per milliliter). Isolates from 80 of the 97 patients with meningococcal meningitis (82 percent) were tested by the reference laboratory; only 1 showed intermediate resistance to penicillin (minimal inhibitory concentration, between 0.1 and 1.0 µg per milliliter). The initial antibiotic regimen provided adequate microbiologic coverage in 116 of the 120 patients (97 percent) with positive cerebrospinal fluid cultures in the dexamethasone group and in 112 of the 114 (98 percent) in the placebo group.
DISCUSSION
The results of our controlled prospective trial show that early treatment with dexamethasone improves the outcome in adults with acute bacterial meningitis. Adjunctive treatment with dexamethasone reduced the risks of both an unfavorable outcome and death. Dexamethasone did not have a beneficial effect on neurologic sequelae, including hearing loss. However, neurologic sequelae were seen predominantly in the most severely ill patients, and the proportion of severely ill patients who survived to be tested was larger in the dexamethasone group than in the placebo group.
The beneficial effect of dexamethasone was most apparent in the patients with pneumococcal meningitis. However, a beneficial effect in the patients with meningococcal meningitis cannot be ruled out, since the number of patients in this subgroup was small. Therefore, we recommend dexamethasone treatment for all patients with acute bacterial meningitis. The possibility of selection bias was a matter of concern in the study. To control for selection bias, we compared the base-line characteristics of patients enrolled in the study with prospective data from our nationwide cohort of 634 adults with acute bacterial meningitis. Patients in that cohort, for whom data were collected in the period from 1998 to 2002, were not included in the present study. There were no significant differences between the two groups with respect to the score on the Glasgow Coma Scale on admission. Furthermore, mortality rates among patients in the placebo group in this study and the nationwide cohort were similar. Therefore, we conclude that selection bias did not confound the results.
A delay in initiating antibiotic therapy was also a matter of concern. Informed-consent procedures can delay the initiation of antimicrobial therapy, which may lead to a poor outcome. 17 In addition, cranial CT should be performed before lumbar puncture in order to rule out brain shift in patients with coma, papilledema, or hemiparesis in whom meningitis is suspected. Lumbar puncture increases the risk of brain herniation if an intracranial mass is present. 18, 19 In this setting, empirical antibiotic therapy should be started before cranial CT is performed. 18, 19 In our study, treatment may have been delayed in patients who underwent cranial CT before lumbar puncture, because the study medication was administered before or with the first dose of antibiotics and the inclusion of patients in the study depended on the presence of cerebrospinal fluid abnormalities. Since early therapy reduces morbidity and mortality, 17 treatment with dexamethasone and antibiotics should be initiated before lum-bar puncture in all patients with suspected meningitis who must undergo cranial CT first.
Two important issues are the duration and timing of dexamethasone therapy. Although data suggest that two-day and four-day regimens are equally effective, 20,21 the four-day regimen has been used in most clinical trials involving children with bacterial meningitis. 6 Dexamethasone has been shown to have a beneficial effect in children with pneumococcal meningitis only if it is given before or with the first dose of antibiotics. 6 In our study, we used the four-day regimen and also started it early. Therefore, a four-day regimen is recommended, with dexamethasone therapy started before or with the first dose of antibiotics.
Most patients initially received monotherapy with amoxicillin. In the first half of the study, amoxicillin was standard treatment in all patients. Rates of antibiotic resistance among meningococcal and pneumococcal isolates were very low. Similar rates were found in nationwide studies in the Netherlands. 10, 11 In a prospective audit of empirical therapy in adults with bacterial meningitis in the Netherlands, monotherapy with amoxicillin or penicillin appeared to be prescribed most frequently. 11 Although dexamethasone is not associated with adverse events, concern has been expressed that because the drug reduces blood-brain permeability, it may impede the penetration of vancomycin into the subarachnoid space. 9, 22 With the worldwide increase in the prevalence of penicillin-resistant pneumococci, combination therapy that includes vancomycin has become more important. 8 In children with bacterial meningitis, treatment with dexamethasone did not reduce vancomycin levels in cerebrospinal fluid. 23 However, treatment failures have been reported in adults who received standard doses of vancomycin and adjunctive dexamethasone. 24 Therefore, patients with pneumococcal meningitis who are treated with vancomycin and dexamethasone should be carefully observed throughout therapy.
Cognitive impairment occurs frequently in adults who survive bacterial meningitis. 25 Because corticosteroids may potentiate ischemic injury to neurons, it is important to know whether dexamethasone prevents death but worsens cerebral cortical functioning. 26 Although in our study the reduction in mortality among the patients treated with dexamethasone did not result in an increased rate of neurologic sequelae, a cognitive evaluation of adults treated with dexamethasone and those treated without it is needed.
The results of our study show that adjunctive dexamethasone therapy improves the outcome in adults with acute bacterial meningitis. Dexamethasone (10 mg every six hours for four days) should be given to all such adults, and the regimen should be initiated before or with the first dose of antibiotics. This treatment does not increase the risk of gastrointestinal bleeding. 
